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Advances in photosynthesis research may help to find new ways of reconverting 
carbon dioxide into fuel, which would solve several global problems at once. 
Michael Gross reports. 
Closing the carbon cycle  
Green leaves: Every plant on the planet has the ability to convert carbon dioxide into organ-
ic molecules using solar energy. Technology is still struggling to match that ability. (Photo: 
Michael Gross.)The Sun sends us much more energy 
than we need, but we have yet to learn 
how to capture, store, and distribute 
it efficiently. And while we’re learning, 
we continue to deplete solar energy 
that nature stored for us many millions 
of years ago in the shape of fossil fuels
and to increase the carbon dioxide 
content of the atmosphere. 
The risk of man-made climate 
change and the need to curb fossil 
fuel consumption have been known 
for a quarter of a century now. The 
Intergovernmental Panel on Climate 
Change (IPCC) was established in 
1988 to assess the problem, and its 
first assessment report appeared in 
1990. Efforts to do something about 
it, however, have been held back by 
political and cultural divisions more 
than by technical challenges. 
Some partial solutions, such as 
producing more electricity from 
renewable resources, could be readily 
implemented given the political will to 
override market forces and financial 
concerns. Other areas, such as the 
production of renewable transport fuels, 
have stumbled over more fundamental 
problems. Biofuels, such as ethanol fuel 
from corn or sugar cane or biodiesel 
from rapeseed, appeared as a promising
solution at first, but have quickly turned 
out to be a dead end.
The case for biofuels, such as corn 
ethanol, is that they allow, in principle, 
for carbon to be run in a closed cycle. 
The carbon dioxide emitted when fuel 
is consumed will be incorporated into 
new fuel by the plants. After initial 
enthusiasm, several severe problems 
have emerged. Fuel agriculture 
competes for fertile land not just with 
food agriculture but also with what 
little remains of our planet’s wildlife. 
The use of organic waste to produce 
biofuel can bypass these problems 
to a limited extent, but additional 
strategies are needed for a sustainable 
carbon management. 
Various second-best solutions 
to sequester carbon, from ocean 
fertilisation (Curr. Biol. (2009) 19, 
R143–R144) to carbon capture and  
storage (Curr. Biol. (2009) 19, R537–
R539) are being discussed and may be 
deployed, but remain unsatisfactory 
approaches. Why would we want to 
bury excess carbon dioxide when 
every plant on this planet knows how 
to turn it into something useful? All we 
really need for a sustainable closed 
carbon cycle is a photosynthesis 
system that doesn’t depend on soil.
Photosynthesis in vitro
There is a whole range of different 
approaches to solar energy conversion 
in nature, but for the purpose of 
carbon cycling, only the most 
advanced system will do, namely the two-step, oxygen-generating 
photosynthesis found in cyanobacteria 
and in the chloroplasts of algae and 
higher plants. 
This highly complex system 
based on the use of two coupled 
photosystems has been studied in 
great depth, but new and surprising 
details emerge to this day. For 
instance, the groups of Johannes 
Messinger and Göran Samuelsson 
at the University of Umeå, Sweden, 
have recently resolved an old riddle 
going back to an early observation of 
Nobel laureate Otto Warburg. He had 
shown that the oxygen production 
of photosynthesis depends on the 
concentration of carbon dioxide, 
and wrongly concluded that the 
oxygen released comes from the 
carbon dioxide. Soon after, isotope 
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Solar cell: Crystal structure of photosystem II from the cyanobacterium Thermosynechococ-
cus vulcanus. The two-fold symmetry axis (dashed line) is perpendicular to the membrane (not 
shown). Colour coding highlights the protein chain in the monomer on the right hand side, and 
the cofactors in the identical monomer on the left. Water molecules appear as orange-coloured 
spheres. Fundamental research still comes up with new insights into details of mechanisms 
and regulation of natural photosynthesis. (Figure: Umena, Y., Kawakami, K., Shen, J.-R., and 
Kamiya, N. (2011). Nature 473, 55–60.)experiments showed that the oxygen 
comes out of the water molecule. 
Studying the activity of pure 
photosystem II (PSII, the part which 
splits water and releases oxygen) from 
spinach leaves with a highly sensitive 
mass spectrometry technique (TR-
MIMS: time-resolved isotope-ratio 
membrane-inlet mass spectrometry), 
Messinger and his colleagues now 
showed that the activity of PSII does 
indeed respond to the concentration 
of bicarbonate in the medium and 
that the photosystem releases minute 
amounts of carbon dioxide during 
water-splitting (Proc. Natl. Acad. Sci. 
USA (2014) 111, 6299–6304.). 
The researchers interpret this 
finding in terms of the bicarbonate 
entering the cleft with the catalytic 
Mn4CaO5 cluster and disposing of 
the hydrogen ions produced there. 
More speculatively, they also propose 
that this mechanism may provide 
a regulatory link between both 
photosystems, telling PSII how many 
electrons to send up to PSI for the 
production of reduction equivalents 
that will ultimately reduce carbon 
dioxide to carbohydrates. This kind of 
detail could become valuable for all 
who want to mimic photosynthesis in 
biomimetic or artificial systems. 
Several research groups have 
already succeeded in constructing 
biomimetic photovoltaic systems using only one of the two photosystems. 
Recently, the groups of Wolfgang 
Schuhmann and Matthias Rögner, 
both at the University of Bochum, 
Germany, have presented the first 
in vitro system that combines both 
photosystems and produces modest 
amounts of electricity (Angew. Chem. 
Int. Ed. (2013) 52, 14233–14236), 
although they haven’t yet coupled it to 
fuel production. 
The Bochum researchers 
used the complete, highly 
thermostable photosystems of 
the thermophilic cyanobacterium 
Thermosynechococcus elongatus, 
constructing an electrochemical cell 
with a water-splitting photoanode 
using immobilised PSII, and a 
photocathode with PSI that reduces 
methylviologen. This molecule can in 
turn reduce oxygen to water, closing 
the chemical cycle such that the net 
reaction is a modest production of 
electricity.
While this arrangement is not going 
to be competitive as a photovoltaic 
cell, the authors hope to expand 
the scheme further to couple it with 
enzymes that reduce carbon dioxide to 
molecules that can serve as fuel, such 
as methanol. 
Artificial plants
Ultimately, Messinger and his 
colleagues at Umeå also want to apply their detailed understanding 
of the two-step photosynthesis to 
mimic it in artificial systems. They 
are halfway into a five-year project 
to develop an artificial leaf (http://
solarfuels.eu/). They have reported 
some progress with wholly artificial 
photoelectrochemical systems in a 
themed issue of Physical Chemistry 
Chemical Physics, which was recently 
published on June 28th. 
Yongqi Liang and Messinger 
address the performance of bismuth 
vanadate (BiVO4), a very promising 
material for photoanodes for solar 
water splitting. They find that the 
efficiency of bismuth vanadate can 
be significantly improved by a simple 
method for surface passivation, 
i.e. for removing defects from the 
surface that lead to unwanted charge 
recombination events rather than to 
the desired water-splitting catalysis 
(Phys. Chem. Chem. Phys. (2014) 16, 
12014–12020).
A separate collaborative effort 
between Messinger’s group and 
the team of Björn Åkermark at 
Stockholm University shows that the 
water-splitting activity of binuclear 
manganese complexes can be 
improved by adding a distal group that 
helps to orient the substrate water 
and that acts as initial proton acceptor 
during water oxidation (Phys. Chem. 
Chem. Phys. (2014) 16, 11950–11964). 
“This again, as our experiments 
on photosystem II, underlines the 
importance of optimising both the 
electron transfer and the proton 
removal for creating efficient water-
splitting catalysts,” Messinger explains.
Thomas Wågberg, another group 
leader involved in the artificial leaf 
project at Umeå, aims to combine 
efficient catalysts with nanostructured 
carbon, such as graphene or carbon 
nanotubes, in a way that allows 
the final device to be produced by 
environmentally benign methods. In 
their most recent work, the group 
studied the nanoscale interactions 
of reduced graphene oxide 
homogeneously decorated with 
small palladium nanoclusters (J. Am. 
Chem. Soc. (2014) 136, 6626–6633). 
Such materials could become useful 
in a range of applications, including 
artificial photosynthesis.
Meanwhile, the US Department of 
Energy has set up a whole research 
centre with the brief to develop an 
artificial leaf, the Joint Center for 
Artificial Photosynthesis (JCAP) based 
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Artificial trees: High-tech devices that could 
pull carbon dioxide out of the atmosphere 
and use solar energy to convert it to liquid 
fuel may in the future help to close the car-
bon cycle and thus to avoid build-up of car-
bon dioxide in the atmosphere. (Photo: Klaus 
Lackner.)at CalTech in Pasadena, California. The 
JCAP researchers are also pursuing 
the strategy of designing a completely 
new, entirely artificial system rather 
than simplifying the natural system. 
Their focus is on the development 
of practical prototype devices, and 
specifically on the identification 
of materials that allow their 
photoelectrodes to be simultaneously 
stable, efficient, and affordable.
Peidong Yang and colleagues at the 
JCAP are developing photoelectrodes 
on the basis of nanowires. They 
obtained promising results with a 
brush of nanowire bristles consisting 
of a bismuth vanadate shell for light 
absorption and a tungsten trioxide 
(WO3) core for electron conduction 
(Nano Lett. (2014) 14, 1099–1105). 
Most recently, a team led by the 
centre’s scientific director Nathan 
Lewis has reported a key success 
in stabilising inorganic photoanodes 
with a coating of amorphous titanium 
dioxide (Science (2014) 344, 1005–
1009). Specifically, the researchers 
investigated semiconductor materials 
including silicon, gallium arsenide, 
and gallium phosphide, which 
have the right kind of electronic 
properties to serve as photoanodes 
in water splitting, but which under 
the conditions necessary for 
photo-oxidation would be oxidised 
themselves, resulting in either 
corrosion or passivation. 
By coating these sensitive 
electrodes with a crude, leaky film 
of titanium oxide (between 4 and 
143 nanometres in thickness), the 
researchers succeeded in diverting 
the oxidation action away from the 
electrode material. On top of the TiO2, 
they applied nickel oxide islands, 
which catalysed the oxidation of the 
oxygen in water to molecular oxygen. 
While the efficiency of the stabilised 
electrode isn’t good enough yet, the 
authors note that the procedure could 
also be applied to other electrode 
materials, leading to new opportunities 
for solar fuel production based on 
abundant semiconductor materials.
Lewis and colleagues are now 
working to build a prototype of a 
completely artificial system for splitting
water and producing hydrogen, which 
could either be used as fuel itself, 
or reacted with carbon monoxide to 
produce conventional hydrocarbon 
fuels by the Fischer-Tropsch synthesis.
Progress is also being made on 
the other side of the process, in  
the catalytic conversion of carbon 
dioxide to hydrocarbons. The group of 
Matthew Kanan at Stanford University, 
USA, recently unveiled an improved 
catalyst for the crucial step of reducing 
carbon monoxide to liquid fuels, such 
as ethanol. Copper catalysts were 
known to reduce carbon dioxide 
to carbon monoxide, but proved 
inefficient with the next step. By 
oxidising the catalyst surface to Cu2O 
and then reducing it back to elemental 
copper, the researchers produced a 
nanocrystalline surface structure that 
acts as an efficient catalyst for the 
reduction of carbon monoxide (Nature 
(2014) 508, 504–507).
The road ahead
The urgent need for solar fuel 
technology is now being widely 
recognised around the world, as the 
impending climate catastrophe draws 
nearer and the limitations of biofuel 
and carbon sequestration technologies 
become obvious. Progress towards 
solar fuels is gradually being made on 
several fronts, but the task to make 
solar energy accessible, transportable, 
and commercially competitive remains 
a major challenge for our time, 
requiring continued efforts to explore 
new avenues and learn from nature. 
In the week that this article is 
published, the Royal Society is holding 
a three-day discussion meeting under 
the heading “Do we need a global 
project on artificial photosynthesis 
(solar fuels and chemicals)?” (https://
royalsociety.org/events/2014/artificial-
photosynthesis-global-project/). The 
UK also hosts an artificial leaf project 
at Imperial College, London, and a 
solar fuel network, but maybe, as the 
title suggests, the quest for a new, 
sustainable fuel technology requires a 
coordinated global effort. 
Umeå’s Johannes Messinger 
remains optimistic about the 
endeavour. “I strongly believe that 
artificial photosynthesis will become 
an important part of the solution for 
converting the present fossil fuel 
based economy into a sustainable 
one that produces electricity and 
fuels by utilizing the energy of 
sunlight,” Messinger comments. 
“The primary processes of natural 
photosynthesis are highly efficient 
due to millions of years of evolution. 
I think we have still much to learn from 
that for improving present day man-
made prototypes for direct solar-to-
fuel conversion.”As yet, it is far from clear what 
type of technology, if any, will 
simultaneously satisfy the growing 
demand for transportable energy 
and the need to curb carbon dioxide 
emissions. There still is the very 
real possibility that our globalised 
civilisation will fail at this challenge 
and collapse (Curr. Biol. (2013) 23, 
R1017–R1020), so the stakes couldn’t 
be higher.
It would help if political leadership 
made a clear commitment to turn 
away from fossil fuels and to buffer 
the short-term costs. Only now has 
President Obama launched serious 
measures to address the easier target 
of climate-friendly electricity. All going 
well, the measures should be in place 
just before the end of his presidency. 
A quarter of a century after man-made 
climate change was recognised as a 
problem, it is about time we close the 
carbon cycle for all our energy needs. 
Michael Gross is a science writer based at 
Oxford. He can be contacted via his web 
page at www.michaelgross.co.uk
